Abstract -Shear wave elasticity imaging was used to examine changes in porcine brain tissue shear modulus as a function of several experimental and physiological parameters. Animal studies were performed with two different ultrasound transducers. Four in vivo subjects were exposed to inversion and increased ICP, over a relevant physiological range (0-40mmHg), was correlated with shear wave speed estimates. Additional in vitro specimens were used to investigate presence of changes with temperature, confinement, spatial location, and transducer orientation. Statistically significant results include a 28% decrease in stiffness with increased temperature and a 22-50% increase in stiffness with decreasing external confinement.
I. INTRODUCTION
Acute head trauma remains a leading cause of morbidity and mortality in the United States [1] . Mode of insult varies widely and symptoms may present in primary and secondary pathologies including cerebral swelling, diffuse axonal injury, or mild to moderate traumatic brain injury.
Experimental models of traumatic brain injury seek to recreate relevant pathological conditions and reproduce biomechanical response seen in human closed head injury. Such models are necessary in order to determine brain injury mechanisms and develop potential modes of therapy [2] .
To understand the effects of external forces and predict brain injury severity, the biomechanics of trauma are studied using computational mechanical models [3] . Such models provide insight into the mechanism and of the physical response. In concert with physiological experiments, these models may inform brain injury mechanisms and be used to develop potential modes of therapy [2] .
These simulations depend on accurate descriptions of the material properties of the brain, but in vivo properties are largely unexplored. While published literature of stiffness and relaxation parameters for in vitro animal tissue is extensive, there is little consensus in the reported shear stiffness and relaxation values, spanning roughly three orders of magnitude [4] [5] [6] . This variation may partly be attributed to the brains substantial geometric complexity and anisotropy, which encompasses the presence of structures including meningeal layers, fluid filled ventricles, white and gray matter tracts, sulci, and gyri. All of which present unique challenges to ascertaining accurate mechanical response.
These issues prompted the question, is there a better way to acquire physiological material parameters and reduce the variability seen in our system of interest. Implementation of an acoustic radiation force-based imaging (ARFI) technique is novel in a structure as complex as the brain and provides the ability to noninvasively and non-destructively assess qualitative and quantitative stiffness [7] .
Shear wave elasticity imaging (SWEI) specifically quantifies transverse wave propagation speed via time-offlight (TOF) based reconstruction [8] .
TOF reconstruction uses ultrasonic tracking of tissue displacements to identify arrival time of secondary mechanical waves at various lateral locations, extending away from a focused region of excitation. The peak displacement arrival times are then linearly regressed versus lateral position and used to estimate shear wave speed (SWS) [9] .
After SWS estimation, the relationship between shear wave speed and underlying tissue properties can be inferred by fitting data to a specific mechanical model. Often, isotropy, incompressibility and linear elasticity are assumed. Under these conditions, the shear modulus (μ) is related to density (ρ) times the square of the shear wave speed (c T ):
ARFI based methods have non-invasively yielded consistent stiffness information in relatively homogeneous tissues, and SWEI has been used in the liver to show that hepatic stiffening of pressurized livers requires an additional tissue deformation and is significantly affected when the organ is confined, and kept from freely expanding volume [10] .
In the following experimental studies, we used SWEI in the brain to study differences in tissue stiffness with several environmental variables (temperature, transducer orientation, confinement) and physiological variables: (intracranial pressure and spatial location).
II. METHODS
Ultrasonic Parameters -Shear waves were generated with focused acoustic radiation force and radio-frequency (RF) data was collected using a customized Siemens ACUSON TM S2000 scanner (Siemens Medical Systems, Ultrasound group, Issaquah, WA, USA). Two different transducers were used over the course of the experimental studies: For in situ and in vitro imaging, an Acuson 14L5 handheld, linear array was used and for the in vivo portion as well as additional in situ Multidisiplinary University Research Initiative (MURI) US Naval Air Systems Command (NAVAIR) and in vitro testing, an Acunav 10F catheter based, phased array was used.
The 14L5 transducer was focused to 5.5mm depth, operating at a 7.2MHz center frequency and F/# of 1. The AcuNav probe was focused to 10mm depth, operating at a 6.15MHz center frequency and F/# of 1.4. Off-axis motion for both arrays was tracked over an 8mm x 4mm region of interest (ROI) for 6ms.
Experimental Procedures -All experimental animals were obtained from the Duke University vivarium and all procedures were previously approved by the Duke Institutional Animal Care and Use Committee (IACUC). Three different imaging procedures were used, in vivo with living animals, in situ with cadaveric animals with the skull cap intact and in vitro using excised cadaveric tissue. All in vivo experiments were performed under anesthesia and all in situ and in vitro experiments used freshly harvested porcine brains tested within a four hour time window post-mortem.
In Vivo -A juvenile pig was anesthetized and secured to a spine board in prone position (n=4). Surgery was minimally invasive, with bilateral 5mm holes drilled through the temporal skull, allowing access to the brain. A catheter pressure transducer (SP-524, Millar Instruments, Houston, TX, USA) was placed in the first hole. The AcuNav 10F probe was inserted into the epidural space through the second hole. Each hole was then back filled with saline and sealed from atmosphere. Intracranial pressure (ICP) was modulated above normal by caudal elevation of the animal via the spine board. Because of orientation of the access holes, cortex B-mode and SWEI images were acquired in sagittal plane.
In Situ -After euthanasia, in situ SWEI images were captured with the entire skull intact, using the AcuNav inserted through each of the access holes (n=4). For open skull imaging and examination of constraining condition, additional porcine head specimens were acquired from the Duke University vivarium specifically for non-surgical testing in situ and in vitro (n=8). To allow for imaging with the 14L5 transducer, the skull was transected and the calvarium removed, creating a 5cm x 4cm imaging window. Porcine heads were entirely submerged in saline for testing. Images were acquired in coronal and sagittal planes for the cerebral lobe (Fig. 2) .
In Vitro -Brain specimens were removed from the skull intact and were placed in a small dish with saline, predominately unconstrained (n=12). Early specimens were tested at either 22ºC or 37ºC to examine temperature effects. Later specimens were tested exclusively at 37ºC. Images were acquired in coronal and sagittal planes for both cerebral and cerebellar lobes. In situ and in vitro measurements were used to discern boundary effects on tissue response and compare physiological and experimental states.
SWS Estimation and Processing -SWS estimates from each push location were averaged to obtain one mean value per parameter of interest for each animal. Grand means were calculated by averaging values for each parameter across all subjects. Datasets were band-pass filtered to control for erroneous motion and jitter. Displacements were calculated by normalized cross-correlation and shear wave speeds were estimated with a Radon sum (LATSUM) projection scheme [9] . This computational algorithm accounts for instantaneous elastic function and utilizes a linearly regressive method to determine time-to-peak displacement at laterally offset positions along every vector from the point of excitation. SWS estimates are calculated along the line with the largest sum of local displacements (Fig. 1) . Under isotropic, incompressible, linear, elastic assumptions, shear wave speeds were converted to shear modulus.
Statistical Analysis -Shear modulus estimates were compared across all experimental conditions and all statistical tests were implemented in SYSTAT 13 (Chicago, IL, USA). P-value for statistical significance was set as p<0.05. An analysis of variance (ANOVA) was used to compare shear modulus estimates intracranial pressure levels as well as confinement conditions. T-tests were used for direct comparisons between remaining parameters: (1) coronal vs. sagittal imaging planes, (2) cerebral vs. cerebellar spatial location, (3) ambient vs. physiological temperature.
III. RESULTS
Experiments on six in vitro brains yielded statistically different stiffness values with variation in temperature (p<0.001). Testing at 22°C gave a shear modulus of 3.36±0.28 kPa while brains maintained at 37°C yielded a shear modulus of 2.42±0.06 kPa. Means and standard deviation shown in Fig.  3 . This suggests that to obtain biofidelic material properties in a lab setting, samples must be tested at physiological temperature. To study possible anisotropy of shear wave propagation, we examined stiffness for the cortical lobe and the cerebellar lobe independently in vitro. For each lobe, average elasticity values along the anterior-posterior axis (sagittal) were compared to those along the left-right axis (coronal). Results are shown in Fig. 4 . We determined that transducer orientation did not play a role in varying tissue stiffness for either cortical or cerebellar spatial locations (p=0.71, p=0.35). Mean values and standard error are presented in Table 1 . We were unable to image the cerebellar lobe while the brain was fully or partially constrained because of interference from intact bone.
Showing similar coronal and sagittal values allowed us to pool cortical data from both directions for comparing tissue stiffness as a function of confinement (Fig. 5) . Average shear modulus for specimens partially constrained within the skull was 3.33±0.22 kPa and for unconstrained specimens was 2.69±0.17 kPa (p<0.02).
We also examined confinement effects using the AcuNav 10F transducer in three conditions: in vivo, in situ (fully constrained), and in vitro (unconstrained). The mean shear moduli estimated from the 14L5 transducer are similar to those obtained from the AcuNav 10F for their respective constraining conditions. Results are shown in Fig. 5 . Mean values were: 2.44±0.41 kPa, 3.36±1.22 kPa, 2.94±0.93 kPa respectively. The effect of constraining condition on tissue stiffness shown here in brain is comparable to results published in constrained livers.
In vivo imaging of sagittal plane cortex data produced average baseline shear moduli of 3.06±0.49kPa. Upon modulating ICP from 5 mmHg up to 40 mmHg tissue stiffness remained constant. It is clear from the data that intracranial pressure modulation did not have a significant effect on in vivo shear modulus. In vivo shear modulus for all subjects is shown in Fig. 6 .
IV. DISCUSSION
Brain injury is an important public health issue because of its irreversible damage and high frequency of incidence [1] . We rely on diagnostic, experimental, and computational tools in an effort to appropriately classify and predict these injuries, and to better understand the properties that affect the response of the brain during and after insult.
The goals of this experimental series were two fold. First, using shear wave elasticity imaging we were able to discern propagating shear waves inside the brain despite heterogeneity. We achieved realistic values with small variability in vitro with both the handheld linear array and the catheter based probe. Second, we were able to evaluate the effects of several environmental and physiological parameters on shear modulus in brain tissue in both the laboratory setting and physiological setting.
While there is much to examine, we limited our focus to cerebral and cerebellar lobes of the brain because of their large spatial extent, and clinical significance in pathology. These lobes have also been the focus of experimentation from much of the existing literature, justifying comparison to published values.
The results of this study suggest that temperature and boundary conditions must be included in experimental design by both modelers and experimentalists. White matter brain properties show strong changes with temperature and confinement. This first result is important because it impacted the procedure of all our subsequent tests, allowing us to control for a potential confound. Additionally since many of the experimental results used in numerical modeling are derived from room temperature testing it may establish reasonable values to produce more biofidelic brain models.
With temperature held constant at 37ºC, confinement displayed the largest effects on tissue stiffness. Shear modulus in situ and in vitro were 50% and 22% higher than in vivo, respectively. By removing the skull case between in situ and in vitro testing, with lessening external constraint, at constant pressure we note that there is a slight decrease in the estimated shear modulus value for the cortex, suggesting that confinement by the skull impacts strain hardening. Among the parameters we examined that did not show significant differences in tissue stiffness, the most unexpected was with modulation of intracranial pressure under fully constrained conditions. We hypothesized that stiffness would track similarly to the changes seen in pressure volume index as a function of cerebral perfusion pressure and ICP [16] . But, the observation that the brain did not display any variation under increased ICP is in line with liver stiffening observed with pressurization under constraint [10, 11] .
While we were not able to discern any differences with transducer orientation, the shear modulus means for the cerebellar lobe, may be confounded by a large variance in the acquired datasets. Noisy data could be cleaned up by implementing a random sample consensus (RANSAC) algorithm, which ignores erroneous motion by iteratively removing outlying data points [12] . Additionally, maps generated from diffusion tensor images indicate that imaging plane is not a direct surrogate for neural tract directionality, and may merit additional study into shear anisotropy associated with myelinated axons [13] .
For future work, we are planning to study differences between the white matter and gray matter layers of the brain [7] . Neural cell bodies and axons have distinct functions and structures but there is no consensus in the literature on whether one is mechanically different from the other [14] In addition, we chose to fit our data to an isotropic, incompressible, linear elastic mechanical model, such that the shear modulus would be proportional to the square of the wave speed. Over the micro scale this reduction of complexity can capture simple behavioral response; however gross structural and mechanical differentials seen in the brain effect properties on every scale. This consideration will eventually lead us to apply higher order, viscoelastic models to our ultrasound datasets [4, 10, 11, 15] .
The prospect of utilizing an imaging technique as a means of acquiring accurate in vivo material properties in a noninvasive or minimally invasive scenario is novel and important, both in evaluation of pathology and modeling. This technique may also have use in vivo to assess local or diffuse pathological conditions in brain tissue. Wide field, on-axis dynamics can provide robust and repeatable measurements of tissue strain useful in generating relative stiffness profiles and shear wave elasticity images are able to yield absolute mechanical property values to better discriminate among contributions of external factors. Continued testing is needed to discriminate the detailed temperature dependence with respect to other environmental changes. Pig #2 Pig #3 Pig #4
